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Abstract Infrared transmis~ion and photooonductivity spectra of mereury-cadmlum tdlufide f MCT)epitaxial layers． 

grown hy liquid phase epitaxy【LPE)o[1 Te and( d wide band gap substrams．were investigated both theoretically 

and experimentally at temperatures T=82 K and T=300 K in the infrared t IR)wavelength region 3 l 5㈣ The pho— 

toresponse podtion of the diodes vzas determined at cryogeMc temp．+ratures from rhe transmission spevtra of r(K)iTi tenipera 

lure Theoretical calculations of optieal density D t̂ ∞】，needed for armlysk~of experimental opucal trarusmission data． 

were performed in the framework of W KH approximation 

Key ∞蝴s m “ry—cedrffimx~~dluride．graded band-gap．epitaxiat layers 

Introduction 

Most of modern HgI_ Te ternary compound 

IR photodetectors are manufactured from LPE films 

grown on CdTe and CdZnTe substrates -4] C
． ompo 

sitional depth nonunifomfity~ ITIS to be an inherent 

featur 。f these films[ · 。
．  It causes the var at 0ns 0f 

baI1d—gap with the depth．thus affects the IR device 

performance．In—plane composition nonuniformity al一 

80 influences the physical properties of LPE—grown 

layers as wel1 as the performance of IR devices on 

their substrates 

Despite the fact that the effect of composition 

grading on the optical，photoelectrical and electrical 

properties of HgI⋯ CA Te LPE-grown films has been 

investigated in several papers【 ～l 31
． sonle problems 

are still to be studied，especially in the case of notice— 

able and nonlinear compositional (and thus，band— 

gap)gradient，which is observed in some LPE-grown 

layers． 

In LPE fihns with graded band—gap，the optical 

abmrption differs from that in homogeneous layers 

duetothe depth variation of band-gapE (z)．Ifthe 

spatial variation of (2)on the scale of the light 

wavelength is weak enough，the WKB approximation 

Received 2001 0】．08 

can be used for theoretiusl calculation．s． rhen the 

spectral dependenceof the optical density D(h∞)can 

be described by the following expressionl】 ～t6] 

D(̂ m)=I d(̂ ∞， )dz 

= J， ． )毫dEn， (1j J F f】E 
where d isthe thickIless of a fihn．。(h∞，2)is the 

local absorption coefficient，E⋯i and Eg[ are mini— 

mum and maximum energy gap of the layer，respee— 

tively．Both of them are dependent on the film depth 

between =0 and =d Fhese points are shown in 

Fig．1(a)，where the energy diagram of the layer 

w1th linear and exponential band—gap grading is 

schematically shown 

Itfollows from (1)that E ( )can be estab 

lished if the values of ⋯i and (h ， ) 

are known．With d(h ，E )，it is possible to calcu 

late the dependence of D(h )as well as T(h∞) 

(optical transmission spectra)oil the gradient com~)一 

sition of the layers by using a gradient△ E ，△ ：as a 

fitting parameter． 

In application to LPE HgI_ CA ， l'e films， a 

similar pmhtem of determining the dependence 。f 

Eg( )on the depth of film was investigated in sever 

al papers[8～13，17] In[9：the value of E and 
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NONDESTRUCTIVE BAND-GAP PROFILE 
DETERMINATION OF HgCdTe 

LPE GROWN LAYERS 

Z. F. Ivasiv F. F. Siwv V. V. Tetyorkin E. V. Al1dr~~va 
(lnstltute uf &mJconductvr Phy:-.ics. KiEv, Klev-030~8, UkrBin<..: 

AbstraC't Infrared transmission and phe.toconduC'tivity "'yectra Ilf merr"'lII},-cadmium telhrride (rvICT) of'!JLtClxial layers, 

grco\.\!Jl by liquid phase epitaxy (LPE) '1[1 ("'dT e and CdZn T e wilje hand-gap ."-ubstra[(~ .... , were inVE'5tig~tecl ooth th~'CJrE'ticaJly 
and t;::xpenmemally at temprramte: T == 8~ K and T' = 300 K LL1 the infrared (IR) w2IllE'iengrh r.:-giun 3-15 rffil- The ph,

torE'5p.Jn5e ~ltion uf the diooe.-;. was Jerennined at cryogE'IllC temperatures frum the tran'mlissiun -.,yectra uf r."-Jm temperil

(urIC'. Theoretical calculation', of optical density D (Ii w) t ;;'eeded for fll181)'si.. .... nf expenmental uptlcai tran. ..... TIll:-.51.)JL Jata, 

WE're perfonned in the framework of WKB approximatlnn. 

Key",'Ol"ds mercury-cadmium telluride, graded band-gap, epit::IXlilllayers. 

Introduction 

Most of modern Hg,-.rC.d.r Te ternary compound 

IR photodetectors are manufactured from LPE films 

grown on CdTe and CdZnTe substrates"'-4]. Compo

sitional depth nonunifoffility seems to be an inherent 

feature of these films[S,6:'. It causes the variations of 

band-gap with the depth, thus affects the IR device 

perfonnance. In-plane composition nonuniforrnity al

so influences the physical properties of LPE-grown 

layers as well as the perfoIDmnce of IR devices on 

their substrates. 

Despite the fact that the effect of composition 

grading on the optical, photoelectrical and electrical 

properties of Hg,_ x Cd, Te LPE-grown films has been 

investigated in several paperi7~B]? .some problems 

are stili w be studied, especially in the case uf notice

able and nonlinear compositional (and thus. band

gap) gradient, which is observed in some LPE-groV>Tl 

layers. 

In LPE films with graded band-gap. the optical 

ab:-:orption differs from that in homogen€'Ous layers 

due to the depth variation of hand-gap E,( z). If the 

spatial variation of Eg ( z) on the scale of the light 

wavelength is weak enough. the WKB approximation 

Rec('lved ~()ot -0]-08 

can be used for theoretical calculalions. Then the 

spectral dependence of the optical density V( n w) can 

be described by the fullowing expresslonfl<- lb] 

where d is the thicknffis of a film. a ( n w. ~) is the 

local ab.sorption coefficient. E KUIitI and E AtfJdX are mmi

mum and maximum energy gap of the layer. re..··;pec

tlvely. roth of them are dependent on the film depth 

between z = 0 and z = d. The..-'ie point:'i are sho,",,'11 in 

Fig. 1 ( a). where the energy diagram ,,f the layer 

WIth linear and exponential hand-gap grading is 

schematically shown. 

It follows from (1) thal E, ( ~) can be estab

lished if the values of E/{u"tI? E/{ITI8,( and a { n w. E~ ) 

are known. Wilh u( n w. E, ). it is possible to calcu

late the dependence of D ( n w) as well as T ( n w ) 

(optical transmi.s...<:.ion spectra) on the gradient comIX)

~ition of the layers by using a gradient L:::.Eg I L:::.:: as a 

fitting parameter. 

In application to LPE Hg,_ .,Cd, Te films. a 

sirrular problem of detennining the dependence of 

Ee( " ) on the depth of film wa, investigated in ""ver

al papers[8 -13.17J. In [9: the value of E""", and 

lIIif'fLl'<fU a JI1I 200J·lll-08. 
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Fig 1 Schematic energy diagram sl~vdng tinear 

and exponential band gap grading in LPE 

Hg CA Te fiirrLs~thout(a)and a4th 

(b)transition region at the interface 

the thickness of the film are Considered to be known， 

and AEg／A Z is assumed to be constant．In l8]the 

determination of these parameters from the tralksrnis— 

sion spectra T(̂ m)of gradient films vcas attempted． 

The compositional profile ( )wan represented by 

ai1 expression with three fitting parameters Howev- 

er，these parameters seem to be not independent．As 

was shown in[10]，one can find several groups of 

parameters to fit experimental data rather well In 

order to diminate uncertainties jn calculations，the 

total number of fitting parameters should he de 

creased． 

The aim of this paper is to use the IR transmis- 

ts．both for the nondestructive de 

termination of bend-gap variation with the depth of 

MCH"LPE grown films，and for predicting their pho- 

tosenNtivity spectral position at cryogenic tempera 

tures from the room temperature transmission spectra 

l 1 

． j 

／ |6{、l ‘ 
、 

～  
(a) 

1 Experimental results and analysis 

The films investigated were grown by LPE 

method on(111)Cdrre and 】 Zn _re( =0．03— 

0 04)substrates Their thickness d vca8 ranged from 

15 um to 35,urn The filn~s were of P type conduc 

tivity with a hole concentration =(6—20)x 10 

cm IR transmission spectra were measured by us 

ing a grating spectrometer Prior to the measure 

ments．the films were etched in HBr+Br ．solution 

for a short time to refresh the surfaces of the films． 

After etching． the lms with mirror—Like surfaces 

were investigated 

The calmlated and measured T(̂ 60)curves are 

shown in Fig．2 and Fig．3 The calcu[atiorhs were 

carried OUt in accordanee with a technique developed 

for graded band gap GaA1As films[16]
． The spectral 

region was divided into three parts：^03≤ ￡⋯ ， 

⋯ ≤  ̂≤Eg⋯ and ∞̂≥ ～ 

At photon energies^∞< Eg．the absorption co 

efficient in Hglr CA Te crystals well obeys the Ur- 

bach rule_18 J： 

⋯ oex (生学 )_ (z) 
where口n，E0 and are determined experimentally 

from the study of the spectra of the fundamentaI ab 

sorption edge．Here，the parameter En is c[ose to the 

band—gap value． 

Inthe presentwork，E0wastakento be equalto 

E|( )，i e．，the band-gap at a depth g．Theparam- 

eter was determined from the dope of the messured 

t 

＼’ { 
．以 《、J 
＼ 『＼ 

(b) 

i i 
Fig．2 Measured(1j and calculated(2．3)tram~ralss[on spectra at 300 K (a)and 82 K(b)in HgCATe／CdTe ep~taxial 

film Curves 2 and 3 are calculated for exponential and linear band gap gradient，respectively，,*,-hit parameters Es =0 

162 eV， 一 0 268 eV(T=300K)and乓 =0 097 cV． =0 218 eV(T=S2K)Curves4 are ca Lculatedtor 
bulk crystalwith 0 162 eV and 0．097 eV at300 K and 82K，respectively Thethicknexs ofthefilm is15g*n 
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E,-(Z) E,(Z) 

d o d 
(0) (b) 

F 19. 5::hcmadc energy diagram ..Jx:....-vlng Hno2ar 

and eXJX.lno::nual band gap grading in LPE 

Hgl- :rCd, Te film" v .... itb::mt {a) and '\\~(h 

(b) trn.nsitlOn reglon at the mterface 

z 

the thickness of the film are considered to be known. 

and L:>. E" / L:>. z is assumed to be constan t. In [8 J the 

detemlination of these parameters from the transnlis

slon spectra T( tz w) of gradient films was attempted. 

The compositional profile J' ( -::) was represented by 

an expression with three fitting paran)eter~. Hmvev~ 

er. the~ parameters seem to be not independent. AB 

was shown In [10 J. one can find several groups of 

parameters to fit experimental data rather well. In 

order to eliminate uncertaintie~ in calculatiom.... the 

total number of fitting parameter;; should be de

creased. 

The aim of this paper is to use the IR transmis

sion measurements. both for the nondestructiviC de~ 

temnnation of band-gap variation with the depth of 

MCT LPE-grown films. and for predicting their pho

tosensitivity spectral PJSition at cryogenic tempera~ 

tures from the room temperature tralbl11ission spectra 

measurement~ . 

•• 
.. , 

~ 
~ ... 
I a., 

~ 0_2 

a.1 

a~ 

0.10 

"'X' ~\ 
1 

~\\. 

·1\ '" \'. 
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1 Experimental results and analysis 

The film, investigated were grown by LPE 

method on (111) CdTe and Cdl.-,Zn,Te (y=O.03-

0.(4) ,ub"rates. Their thickne;s d was ranged from 

15 I'm to 35,um . The films were of p-type ,'Onduc

tivity with a hole concentration PTI = (6 - 20) , 1015 

cm - J lR transmission spectra \vere measured by us

ing a grating spectrometer. Prior to the ml2a~ure

ments. the film~ were etched in HEr + Br:: solution 

fur a short lIme to refre.sh the surface.s L1f the films. 

After etching~ the filnls yvith mirror-like surfaces 

were investigated. 

The calculated and measured T( tz w ) curVes are 

:-.hu\\l1 In Fig. 2 and Fig. 3. The calculation.. .... were 

carried out in accordance with a technique developed 

for graded band-gap GaAlAs films! I.: The ,pectral 

region wa~ divided into three parts: Ii w ~ E"rrun' 

Eplln~liw<ExtrlEl;{. and liw"'.:?-E,;;:nB"W:.· 

At photon energies tz w < E,. the abwrption ,'0-

efficient in Hg, -.c Cd> Te cry"als well obeys the Ur

bach rulei"] : 

a = QOexp ( h w ~ Eo ) . (2) 

where 00' Eo and .::I are detennined experimentally 

from the study of the spectra of the fundamental ab

sorption edge. Here. the parameter En is doSE' to the 

band-gap value. 

In the present work. Eo was taken to be equal to 

E"( ~). i. e .. the band-gap at a depth l. The param

eter ,j was detemlined from the slope of the mem;ured 

• 

'\1 
i\ 

.1 "> 
, ,~\ 

'-..-~ ~ (1)) 

a5 

~ OA 

I :: 
•. a 

•. OS 0-10 D.15 a:m a,. 
~/.v ~/,v 

Flg . .2 Me3.Sured U) and calculated {2,3) trElrL'mlissivn sJ .. eC(ra at 300 K (a) and 82 K {b) m HgCdTe/CdTe epitaxial 

him. Curves 2 and 3 are calcul.ated [or exp::mential and linear band gap graditi:1lt. respectively. whit yarameters E;;:rur_ =0. 

162 ['V. E~-rr= =0.268 eV (T=300K) and EO:- nJHl:=(J.097 cV, E~-'r= =0 218 eV (T=82K). ('urves4 are ca[m[atL-d for 

bu[kcrysta[ with EK =0.162 eVandO.097 eVat300 K and 82 K. respecti .... ely. The thdmess 'Jf the film is 15,um 
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Fig 3 Optical transm[~ion spectra in HgCATe／ 

CdZnTe ep[taxia[film at 300 K．Theoretical curves ar0 

calcqt／ated for linear(1／and exponential(2)band gap 

gradient for E一 0 155 eV，E一 0．190eV The 

thickness of the film  is 35ian 

T(h∞／curves at h oJ<Eg— The value of a0"v~-8s 

derived from the fitting procedure for each sample 

separately Th best fit was obtained for d0 ranging 

from 800 to1500 cn1 ． 

In the second spectral region，direct optical trail— 

sitions for photons with energies^∞>E are added 

to optical transitions within the Urbach’s tail r gion． 

In the third region，absorption Occurs only due to the 

direct optical transitions from the valence bands(1ight 

and heavy hole)to the CONduetion band．For oslcula— 

tions．the appropriate expressions of local absorption 

coefficient obtained in[19]were used． s。，calcula— 

tions were earrled out for absorption coefficient used 

by[9]． 

Twotypes of E (2)，the linear and the expo 

nential ones，were chosen for calculations and fitting 

procedure The exponential dependence ( )was 

ppmxim ated by： 

ca) 

、 

，／ ／ 1 

E (2)=E0+aexp(z／b) (3) 

where cons tants En，a and b were determined for 

=0 and = d，provided that Eg and Eg are 

known It is se n from Fig．3 that in the samples 

with low band gap gradient the data calculated are not 

very sensitive to the choice of EF( )dependence． 

However，this seems not to be the case for the sample 

with rather high gradient(see Fig．2) 

Following approach was used to estimate ⋯ 

and ～ values．In accordance with the theory de 

veloped in 15]，the se ond derivative， D(̂ )／O 

(̂ ) ，should have extremas at energies where den— 

sity of stat s has singularities．At least two singulari 

ties aIe to be obser,,ed if EPt z)is represented by 

smooth curve(see Fig 1)．Obviously，the first one is 

located at 2=0．Without a transition region at the 

interface(see Fig．1(a))，the second one i located at 

= d． where density'of states is significmltly 

changed due to the abrupt band—gap variation In the 

films with the t ansition region t．see Fig l(b))the 

exact forrn of tz)at the interface is unknown and 

its loeation esn be defined within the accuracy of the 

thickness of this region．Typica l spe ctra dependencies 

of the second derivatives of the optical densi Y are 

shown in Fig．4 and Fig．5 for．samples with different 

values of the band gap gradient It is seen that tWO 

extrernas are observed for ex erimental curves Their 

energies were identified with minimum E⋯in and 

maximum band gaps in the film It should be 

pointed outthat 一 and esn be defined  unam 

cb) 

＼ 

0．12 0 14 0．16 0 lg 0 20 0 22 O．24 0 1 0．2 0．3 

hO)／eV ho／eV 

Hg 4 Experimental(1)and theoretical(2)spectra of the second de ivatlve of the opti~l density at 300 K 

Experimental data shown in(a)and(b)x&rel-e derived frcxna the optical transmission data stxmvll in Fig 3 and 

Fig 2(a)，respectively The theoretical curve(3) for bulk crystal 

＼§  目 々  
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Flg. 3 OPllcal transml5Sion sptXtra in Hgl'd r e / 

CdZnTc epltaxial film at 300 K. ThooretiC'al cUr\les an: 

C'akulatt::d for linear { ] ) and exponential (2) band gap 

gradlent fur E>;mJll = o. 155 eV, E ,fIID,. = o. 190eV. The 

thickness of the film is 35[J.m 

T( f1 w) curve:s aI h w < E,;nlln. The value of all was 

derived from the fitting procedure for each sample 

separately. Th best fit was obtained for an ranging 

from 800 to 1500 em -1 . 

In the second spectral region. direct optical tran

sItions for photons with energies Ii w > E/o{ are added 

to optical transitions within the Urbach' ~ tail r gion. 

In the third region, absorption occur:s only due to the 

direct optical tran5it;om from the valence bands (light 

and heavy hole) to the conduction band. For calcula

tions. the appropriatE' expre.."5ions of local absorption 

coefficient obtained in [19 J were used. Also, calcula

tions were carried out for absorption coefficient used 

by [9J. 

Two types of E, ( z ), the linear and the expo

nential nnes, were chosen for calculations and fitting 

procedure. The exponential dependence E~ ( z) was 

pproximated by: 

I.) 

0.12 014 0.16 0.18 0.20 0.22 0.24 

hOl/eV 

(3) 

where constants Eo. u and b were Jetennined for z 

== 0 and z = d~ provi.ded that E"n:.J.n and EgrfldX are 

known. It is se n from Fig. 3 that in the ,ample, 

with low band gap gradient the data calculated are not 

very ~nsitive to the choice of E!; { z) dependence. 

However, this seems not to be the case for the sample 

with ret her high gradient (""e Fig, 2) . 

Following approach wag used to e .. ..,timate E~mJtJ 

and E~rfldX values. In accordance with the theory de

veloped in ~ 15 J. the ,e and derivative. ,1' D (Ii w ) /J 

{Ii. w)~ ~ should have extremas at energies where den

sity of :stat s ha:s :singularities. At least two ~ingulari

ties are to be observed if E" ( z) i, represented by 

smooth curve (see Fig. 1), Obviou,ly. the first one is 

located at :::: = O. Without a tran1"ition region at the 

interface (see Fig. J( a) ). the second .one i located at 

z = d. where density of :'Itates IS :significantly 

changed due to the abrupt band-gap variation. In the 

films with the t amihon region (see Fig. I (b) the 

exact form of E.>({ z ) at thE- interface l~ unknov..'ll and 

its location can be defined within the accuracy of the 

thickness of this region, Typical :spectra dependencies 

of the second derivative:::. of the optical den~i y are 

shown in hg.4 and Fig. 5 for sampl"" with different 

values of the band gap gradient. It is =n that two 

extremc'lS are oh&rved for ex erimental curves. Their 

energies were identified "vith minimum EKmm and 

maximum E,=, band gap' in the film. It ,hould be 

pointed out that E,,=" and E,~, can be defmed unam-

r I~ 

o J 

0.1 

, 
• • • • 
'-

• 

'-.JV: , 

0.2 

hOl/eV 
0.' 

(b) 

Fig 4 F..xpertmental (1) and theoretical C~) spectra of the 'SE'CDnd de ivativc of the optical density at 300 K. 

Expc-rimental data ~hown in (aJ and {b) were dc-rived fran the optical tran~rrllssi0n data!ilicM'll in Fig. 3 and 

Fig. 2( aJ, re.<.,pectlvely. The thooretlC'al C'urve (3) ~ ... for bulk crystal. 
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biguous[y for LPE films without a transition region at 

the interface In the opposite case，when the transi— 

tion region is present．E Ⅲ rneatlS an effective band 

gap at the interface between the epitaxiat layer and 

the suhstrate 

If the band gap gradient is essential，the app[ica— 

bility of WKB approach becomes less obvious． In 

LPE grown films especia y，the condition of apptica— 

bi[ity of WKB approach can be violated gtt the inter— 

face However，the theory in[15]predicts that the 

behavior of the second derivative is still preserved， 

except that its amplitude decreases．In order to ana一 

[yze this situation，computer simulation for different 

gradients was performed (．see Fig．5 1．If one(【 n— 

pares the data shown in Fig．4(a)and Fig 4(h)，it is 

seen that，in the samples with rather low band gap 

gradient，the experimentat and calculated curves coin— 

cide we[1 enough． 

Increasing the ban d—gap gradient gives rise to the 

disagrearnent between experimental and calculated da— 

ta．For instance，the best fit between the experirnen— 

tal mid calculated curves T(h∞)shown in Fig 2(a) 

waS achieved at ～ =0．268 eV that exceeds Eg一  

= 0 250 eV ohtatned from the experiments【Fig 4 

(h))．The second derivatives of experimental trat~s— 

mission spectra CUrveS have higher half—width values 

in comparison with the calculated ones．Similar re 

suits were 0htained Dreviously[ for LPE films with 

linear band gap gradient 

The disagreement between experirnental and cat 

Fig 5 Calculated spectra of the second derivative of opti~t 

density a【T =300 K for the epitaxial film 、Ⅵth thickness d 

15pan and different gradient values：△ Egm  38 

eV／crn(curve 1)． ／△z 70 eV／cm (ctlrve 2)and 

△Eg／zx =160 eV／~n(cur 3) 

culated spectra can arise due to several reaSOllS．The 

divergence in transmission data may cause large f[uc— 

tuations in the second derivatives Some smoothing is 

thus required before making differentiation．This may 

shift the position of the derivative peaks[ as well as 

their half width．The interface transition re on may 

also affect both the amplitude mid p~xsition of the 

derivative peak at energies close to E x In theoreti— 

ca[calculation．this region has not been taken into ae— 

co unt 

By usingthe data obtained at T=300K andthe 

following expres~on for band gap as a function of 

composition and temperature 

E (￡，T)=一0 302+1 93x 0，81．T。 

0 832 0+5 32—10 一(1 2x) 1822+T 

255．2+T 

【4j 

z(2)Call he Calculated(Fig．6)．Chemical composi— 

tion was also determined independently in cleaved 

samples by using the locat X—ray microanatysis data 

Wjthm the experirnental errors，the cornlx)sition data 

measured agree weLl with those obtained from the 

analysis of the T(h )spectra 

Gap profile was measured by photoconductive 

spectra combined with sequential removal of layers by 

chemical etching in Hhr+Br2．solution The gap was 

determ ined from the peak wavelength  ̂ corre— 

spending to the maximum of the norm alized  photo— 

conductivity spectrum (see Fig 7)．The data ob— 

mined from the photeeonductivity mid optical trans一 

／ 
／ 

／  
r 
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Hg 6 ‰ p。s Ltm profile o~3tained from the optical trans— 

mi．~sion(solid line)，X—ray microanalysis data(close dots) 

and photooonducttvtty (open dots) The oompc~[tion 

obtained from X—ray m[eroanalysis is deternfined wkhin 

experimental errors,20-=0 005 
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biguously for LPE films without a transition region a1 

the interface. In the opposite case, when the transi

tion region is present. E~nllix mean:-:- an effective band 

gap at the tn[edace between the epitaxial layer and 

the substrate. 

If the band gap gradient is essential. the applica

bility of ,VKB approach becomes less obvious, In 

LPE grown fil,Il.9 espt'cially. the condition of applica

bility of WKB approach can be violated at the inter

face. Howtver. the theory in [15J predicts that the 

behavior of the second derivative is still prtserved~ 

except that its runplitude decreases. In order to ana

lyze this situation. computer simulation for different 

gradients was performed (,.,.. Fig. 5). If one com

pares the data shown in Fig. 4(a) and Fig. 4( b). it is 

seen that. in the samples with rather low band gap 

gradient. the experimental and calculated CUnlts coin

cide well enough. 

Increasing the band· gap gradient gives rise to the 

dIsagreement between experimental and calculated da

ta. For in~tance. the best fit between the experimen

tal and calculated curves T (II w) shown in Fig. 2 ( a ) 

was achieved atE,f.;JruJ]( = 0 . ~ 68 e V that exceeds E ~TTlilJo.. 

= 1).251) eV obtained from the experiments (Fig. 4 

(b)). The second derivatives of experimental tran.'':'

mission spectra curves have higher half-width values 

in compan::;:on with the Cc .. dculated ones. Similar re

sults were obtained prevlously[15: for LPE film."i with 

linear band gap gradient. 

The disagreement between experimental and cal-

010 0.1.5 0.20 0.25 0.30 0.3.5 0.40 

nw!eV 

Fig.5 CalculaTed spectra vf the second derivative of opneal 

df'nslty at T = 300 K for the epitaxial fJIm vrith thickne.';;.s d 
= 15f-lITJ and dJfferent gradient values: L:-..ExlL:-.. 1/ .. = 38-

eV/cm (curve i). L:-..E).;/.0..z = 70 eV/cm (curve ::!) flnd 

.6.E .. /.0..~=lbO cV/cm (curve 3) 

21 ~ 

('ufated spectra can anse dut' 10 sC'veral reasons. The 

dIvergence in transmission data may cause large fluc

tuations in the second derivatives. Some sllKlOthing is 

thus required before making differentiation. Thi.9 may 

shift the position of the deri ... 'ative p€'akiLs
: as well a~ 

their half-width. The interface tran~ition region may 

also affect both the amphtude and [>O.9ition ,A the 

denvative peak at energies close to E gITIi1X' In theoreti

cal calculahon. thi~ region has not been taken mto ac-

count. 

By using the data obtained at T = 3()() K and the 

follo,"ving expres~ion:20] for h.:1nd-gap as a function of 

composition and temperature 

E, (z. T) = -0.302 + 1. 93.r -0 .81.,:+ 

[ 
- 18"~ + T'" 

I). 832.r3 + 5. 32· W-' . (1 - 2x) 255.;: T'. _ 

(4 ) 

.r (z) can be calculated {Fig. {). Chemical compo,i

tion was also determined independently in cleaved 

sarnples by using the local X-ray mic.roanaly.9i9 data. 

Within the exp€rimental erro~, the composition data 

measured agree well with those obtained from the 

analysi~ of the T (A w) spectra. 

Gap profile was measured by photoconductive 

spectra combined with sequential removal of layers by 

chemical etching in Hbr + Br~ solution. The gap wa~ 

detelTIlined from the peak wavelength Ap corre

sp:mding to the maximum of the nOlTIlalized photo

conductivity spectrum (set:' Fig. 7). The data ob

tained from the photoconduC'tivity and optical trans-

0.28 

" 
Ij I 

--.... 0.26 c 
.§ 
.;;; 
0 O. 24 c. e 
0 
0 

1/ I 

/ 
D.22 

~ 
~ 

1 6 8 10 12 14 16 

d/~m 

Fig.6 C.omp::-ositiun profJle ,.::>btained frum the opllcal tran..,

mis..o..,]fll1 (:"DUd line). X-ray microanalysi;-., data (c1ill.C' dot'» 

and pholoconduC'tlvlty (vpen dors). The oXl1JXBltinn 

,~.Ltamoo from X-ray miCToanaly~js is Jetenninoo wlthm 

experimental errors fu = O. 005 

----------------.---.-.~- . ---------. 
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mi：sion spectra for the films with compositional gradi— 

ent are not well correlated in contrast to the case for 

the bulk crvstals with[)Ut a band gap gradingl ̈ The 

disagreement is extremely pronounced for the thin 

film at approximately 3--4 ￡m．For this film the in— 

fluence of the transition region is nlo1~e pronounced． 

Obviously， the transmission spectrum oi a rather 

thick film is less sensitive to the presence of the tran— 

sition region 

The composition (2)found at ix3onl tempera 

tures was used for the calculation of T{h )spec：ra 

at T：82 K．as shown in Fig．2(b)．One can see 

that the calculated and experimental curves agree 

well 

According to the procedure described above，the 

layers with rather low composition gradient(the 

built-in electric fidd E0=dEg／dz was estimated to 

belessthan 30V／cm)wereinvestigated1oo fnthis 

case，both compo sition and energy
．

gap can be well 

approxima ted by the linear dependence on the depth 

The linear dependence of the gap on the depth 

results in the constant dec：ric field E0 through：out 

the fihn The continuity equation【22，23 J is 

一

学  dz一毒一 ，㈣ L L D ’卜 
where An is the concentration of the photogenerated 

carriers and G(2， Ⅲ)is optical generatkyn rate．In 

equation(5)the diffusion coefficient D and diffusion 

len gth L are assumed to be independent on the odin— 

I．0 

O．t 

0．6 

0．4 

0．2 

／ ，、 、  
l 

| 
I | 
I 

1． 

{ { ＼ 
／ 

Fig．7 Photocon ductivity spectra at 82 K measured for a — 

gro',~ft film(1)and that sequentially etched in HBr+Bra 

solm ic~lfor one minute(2)and three tninut~s(3) The 

thickness of 8s gro,~m film is15pro 

position．The 

J( j(￡：0)。 

bo undary conditions are 

[ z=0—2m酬 _())] 
n( =0)， 

qD 『 一2 △ ( ：d)] L i J 

qS ( =d)， (6) 

where m =qE0／2kT Here S is the surface recom 

bination velocity，and W is the width of the deple— 

tion layer 

The solutior~s of equation(5)were used for the 

calculations of photoconductivity spe ctra Experinlen— 

tal and calculated spectra for p-Hgl Cd Te film with 

different band gap gradient are shown in Fig．8 Fig 

ure 8 shows that in compositionally graded film the 

caLcu[ated spectra are shifted towards shert wave— 

length region and this shift is large enough．And the 

calculations for the known compcxsition gradient 

(curve 2)reasonably wdl coincide with the experi 

mental data． 

Hence，by analyzing T(̂ )at roonl tempera— 

tare，it is possible to predict photusensitivity spectra 

at 77K of Hgl Cd~Te films with varying band—gap 

gradient 

2 Conclusions 

The measured and calculated spectra of optical 

transmission in the graded—band—gap HgCdTd epitaxi— 

al layers( ≤0 25 eV)grown by LPE on the wide 

I i l 

1 ＼ 
I ＼{ | 

： 

l 《 
6 B 10 ’2 t4 

／grn 

Fig 8 Photoconducfivity spectra of t>D~pe Hg cd。Te 

epitaxial layer with different cc*nposition gradient at T =77 

K．Do螺are experlmenta】deta．and cur、 1．2．3．ate c 一 

culated data for gradienua 30．47 and 60 eV／rtft．respective一 

1y E一  ：0 102 ．andfilm thickne~ d= lOFm arethe 

S,~dYlef0r al【these c__fves 
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nli~""lon spectra for the films with compositional gradi

ent are not well correlated in contrast to the case for 

the bulk cry,tals without a band gap grading["J. The 

disagreement is extremely pronounced for the thin 

film at approximately 3 -4 ~ml. For this film the in

fluence of tht transition region 15 nlore pronounced. 

Ohviously. the rran.<,mission spectrum of a rather 

thick film is less; sensitive to the presence of the rran

si tion region. 

The composition x (z) found at room tempera

tures was used for the calculation of T ( 11 w) spectra 

at T=82 K. as shown in Fig.2(bJ. One can see 

that the calculated and experimental curves agre<c 

well. 

According to the procedure described above. the 

layers with rather low cOffilXJs.ition gradient (the 

built-rn electric field Eu = dE/dz was estimated to 

be less than 30 V lem) were investigated too. In this 

case. both composition and energy gap can be well 

approximated by the linear dependence on the depth 

The linear dependence of the gap on the depth 

results in the constant electric field Eo throughtout 

the film. The continuity equation [22.23] is 

d'l'", _p"£or, dl'>n _ I'>n = _ G( z.llw) (") 
d<;:2 L~ d<;: L~ Dn' ~ 

where .J.n is the concentration of the photogenerated 

carriers and G( z , n w) is optical generation rate_ In 

equation (5) the diffusion coefficient D" and diffusion 

length L" are assumed to be independent on the com-

'-0 
/ V "'" 

3 ~ 
2 \ 

0.' 

0.' 

0.' 
\ 

L\ \ 1\ 
0.2 

0.0 
2 • to '2 

Photoconductivity spectra at 82 K mea"iurOO for a"-

gro"'Vll fdm ( 1) and that sequentially etched in HBr + Bf;! 

<;Q]uTiul1 Iflf one minute (~) and three minutt....--.;; (3). Tht:' 
thirkm:.."'~ of a'l-gTC'MTI film 15 15,um 

position_ The ooundary conditions are 

[
,,1'>,,' 0)] J {;;, I ( ~ ~ 0) = - qDp J z 1_ = 11 - 27>ll'>n ( z = 

= - qS,An( z~O), 

J ( z ~ d) ~ - qD, [J];1" . -:2 7>lLln ( z = d) 1 
\M.I F ,<;: i'!'~J 

= -qSn"",,(z=d), (6) 

\;vhere m::::: (jEol'2.kT. Here S,.. i~ the =-,urface recom

bination velocity. and Wp i, the width of the deple

tion layer. 

The solution....:;;; of equatiun (5) were u.'·,ed for the 

calculations of photoconductivity spectra. Experimen

tal and calculated specua for p-Hg1.I Cd, Te film with 

different band gap gradient are ,hown in Fig. 8. Fig

ure 8 shows that in compositionally graded film the 

calculated spet:tra are shifted towards short wavc

Imgth region and th,s shift is large enough. And the 

calculatIons f ..... r the known compo....:;ition gradient 

(curve 2) reasonably wen coincide with the experi

mental data. 

Hence. by analyzing T ( Ii w) at room tempera

ture. it is possible to predict photo.-:;ensitivity spectra 

at 77K of Hg1.JCdITe films with varying band-gap 

gradient. 

2 Conclusions 

The measuroo and calculated :-.pectra of optical 

transmission in the graded-band-gap HgCdTd epitaxi

allayers (E~~0.25 eVJ grown by LPE on the w,de 
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Fig_ 8 Phot':X;flnductiVlty spectra, If p-type Hg] _ ... CJ, T e 

c'J-'ltaxiallayer ..... .,th d1IIerem ...... omJ.OSltion grad1ent at T = 77 

K_ u::'t<., are experimental data. and curve; 1,~.3. are cal

culated data for gradient..<; 30 I 47 and 60 eV. 'l'ln. respeLt1VI':'-

1y. E,oPll,,=O.l02 eV. and f11m thll::kne .... 'l d = lO,lCm are the 

."81Ylt: for aU these curve; 
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gap CdTe and CdZnTe substrates gave the po~sibillty 

to est．ablish nonlinear character of band gap (and 

compositional variation)with the depth of HgCdTe 

thin layers．From the above investigation．one ca 

conclude that the optiea1 trananfission T(̂ )spectra 

in Hg CA LPE grown films with graded band- 

gap are sensitive to the absolute value of the band gap 

gradient as well as to the form of the Eg(z)which 

may be exponenfia1 or Iinear． 

Our result shows it is posslbile to define the pho— 

toresponse spectra of these 1ayers at T=77 K and the 

operation temperature of photodetectors by using the 

of optical transmission of HgCdTe 

graded—gap 1ayers at T=300 K． 
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gap CdT e and CdZnTe substrates gave the p,,,,,,ibility 

to establish nonlinear character of band gap (and 

compositional variation) with the depth of HgCdTe 

thin layers. From the above investigation, one can 

conclude that the optical transmission T( hw) spectra 

III Hg, - ,Cd, T e LPE grown films with graded band

gap are sensitive to the absolute value of the band gap 

gradient as well as to the form of the Eg ( z) which 

may be exponential or linear, 

Our result shows it is possibile to define the pho

toresponse spectra of these layers at T = 77 K and the 

operation temperature of photodetectors by using the 

measurements of optical transmission of HgCdT e 

graded-gap layers at T = 300 K. 
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